Various plants have the ability to follow the sun with their flowers or leaves during the course of a day via a mechanism known as heliotropism. This mechanism is characterized by the introduction of pressure gradients between neighboring motor cells in the plant's stem, enabling the stem to bend. By adapting this bio-inspired mechanism to mechanical systems, a new class of smart structures can be created. The developed overall structure is made up of a number of cellular colonies, each consisting of a central pressure source surrounded by multiple cells. After launch, the cellular arrays are deployed in space and are either preassembled or alternatively are attached together during their release or afterwards. A central pressure source is provided by a high-pressure storage unit with an integrated valve, which provides ingress gas flow to the system; the gas is then routed through the system via a sequence of valve operations and cellular actuations, allowing for any desired shape to be achieved within the constraints of the deployed array geometry. This smart structure consists of a three dimensional adaptable cellular array with fluid controlling Micro Electromechanical Systems (MEMS) components enabling the structure to change its global shape. The proposed MEMS components include microvalves, pressure sensors, mechanical interconnect structures, and electrical routing. This paper will also give an overview of the system architecture and shows the feasibility and shape changing capabilities of the proposed design with multibody dynamic simulations. Example applications of this lightweight shape changing structure include concentrators, mirrors, and communications Page 2 of 23 antennas that are able to dynamically change their focal point, as well as substructures for solar sails that are capable of steering through solar winds by altering the sails' subjected area.
Fig. I: SRI
International/DARPA specific energy chart of existing actuators and the developed smart inflatable space structure (original from Ref. [11] ).
The bio inspired concept of a lightweight structure consisting of up to thousands of modular colonies capable of changing their shape is presented in the following sections. The paper outlines the design of the inflatable hyperelastic cells and their shape changing mechanism, and also includes detailed subsystem descriptions.
Design
The proposed design is a light weight flexible structure with low storage volume and high deployed volume which has the ability to change its global shape in space. The global structure is made up of a number of similar selfcontrolling cellular colonies deployed from a payload fairing, with only a small fraction of the volume of the deployed structure. There are various options to deploy and assemble these colonies to create the full structure in orbit. One option would be to stack rigid modular components in the launcher payload fairing to make use of the maximum available volume. These rigid or semi rigid components are then assembled in orbit; a well-known example of this in-orbit assembly is the International Space Station which required multiple launches during its construction. The option shown in Fig. II is to deploy hundreds of cellular colonies in a single launch and then inflate them with the desired cellular configurations. A construction robot can then assemble the global structure from the free flying colonies. The advantage of this approach is that the assembly robot can inspect the structures before assembly and use only the colonies which are fully functional. The assembly robot can also be used to reconfigure the structure and exchange broken components. Another option (shown in Fig. III ) would be to eject an assembly robot that has a storage unit filled with stored colonies. After the robot reaches the desired orbit, it will start releasing colonies one after another, letting them inflate and inspecting them for possible damage. The robot can hold on to the assembled structure, inspect the newly deployed colony and add it to the assembled structure. Deploying the structure already fully assembled would be also an option. This option is the most desirable as it would make an assembly robot unnecessary; however, the danger of permanent entanglement is substantial, especially when deploying very large structures.
The proposed adaptive shape changing structure has various applications. One application could be as a substructure of a solar sail which would be deployed via inflation, obtaining a flat area for the solar particles to accelerate the spacecraft. Furthermore, the flat sail can then be bent to change the area subjected to the solar wind and therefore make the spacecraft steerable with just the solar sail, and no need for additional thrusters.
Another application could be as a substructure for a concentrator or reflector of a spacecraft which can be deployed via inflation, taking advantage of the very low stored volume of the structure during launch. The focal point of the concentrator can then be adjusted by changing the curvature of the structure. This capability is required for applications such as space based solar power collectors, which must direct solar radiation to a single point in a geostationary orbit in order to have one stationary receiver on the Earth's surface. Over the course of a day, the incoming light of the sun needs to be redirected by an adaptive mirror or concentrator on the surface of the solar panel collector.
An application for planetary or terrestrial rovers can be envisioned as well. The smart cellular structure could be actuated to move similar to a snake over any kind of terrain, or even swim through water. Due to the fact that the actuation works with inflating and deflating the cells, the soft robot rover can actually squeeze through small openings giving it an advantage compared to conventional robots. Further applications of this soft robot can be in disaster relief, for example to search for survivors in a collapsed building after an earthquake.
Modular Colonies
The main concept of the design is that a number of colonies, each composed of a number of individual cells, will be assembled together in space to form a global structure. Each colony is either a two dimensional plane or a three dimensional cube, made up of a 5x5 or a 5x5x5 array (x,y,z) of inflatable cells respectively, surrounding a central pressure source. The modular colonies as well as the cells are scalable to be adapted to a desired application ranging from nano scale (within fabrication constraints) to macro scale. At the beginning of the study an initial cell diameter of 14.5 cm was selected which is the diagonal length of a 10cm square, similar to the base of the popular cube satellite standard. Sounding rocket experiments at Strathclyde have been carried out with this cell diameter which made the folding and attachment to a rigid cube satellite structure simpler. The high pressure source is filled at the beginning of the mission and uses the gas stored in the pressure tank to inflate individual cells and change the overall shape of the structure until the tank is empty. To deflate a cell, gas is released into space via exit valves. Each cell is connected via MEMS valves either to neighbouring cells, to the central pressure source, or to the external environment. The cells are therefore inflated and deflated by redirecting the gas from the central source through the colony or releasing it to the environment. Fig. IV shows one smart element in a 3D structure; the central cell (blue) is connected to the pressure source and is surrounded by hyper-elastic cells with six MEMS valves each. Neighbouring cells are fastened together with mechanical MEMS interconnects, allowing gas to flow through integrated microvalves. Electrical routing to a central controller and intercellular electrical interconnects are also present on each cell. LS-DYNA™ inflation simulations have been carried out to observe the dynamic deployment behaviour of the structure. The initial shape was modelled in the LS-DYNA™ pre-processor LS-PrePost™. LS-DYNA™ is a well known software used in the industry for nonlinear dynamic simulations. Its development for airbag deployment simulations is especially interesting for this application. The control volume method was used to simulate the inflation of the cells. In this approach, a mass flow rate into the enclosed structure needs to be defined. The mass flow required for the control volume method was calculated by employing simple geometries and thermodynamic equations by using the assumption of dealing with an ideal gas. The simulation used a 5x5 cell array with a thickness of two cells. Each cell in the simulation had an initial diameter of 14.5cm (10cm x 10cm square diagonal) and was inflated with an internal differential pressure of 150Pa. The LS-DYNA deployment simulation can be seen in 
2.2
Control Architecture In this system design, gas flow and electrical signals are routed throughout the cells in a colony enabling any configuration of inflated cells to be achieved. This section discusses the overall architectural details of a colony and the system as a whole which enables this functionality.
2.2.I Electrical Routing
The first consideration is given to electrical routing and communication within a colony. Each cell will require a number of electrical signals to control individual components within the cell: one signal per valve, and two signals per pressure sensor. Research in valve architectures described later in the article will show that roughly 2.5 valves and 1 pressure sensor per cell will provide a suitable architecture. This means that there are, on average, 4.5 electrical connections per cell. If all cells in a 5x5 colony are routed to a central controller, this will result in over 100 electrical I/O connections to the controller and over 200 intercellular electrical interconnects. The number of intercellular connections and controller I/Os can be calculated by analysing Fig. VI ; from the figure, it can be seen that if there are 24 cells (excluding the central cell) each carrying 4.5 routing signals to a central controller, then by multiplication the total number of I/O connections to the controller is over 100. The total number of intercellular connections (that is, the total number of connections across cell boundaries summed over the entire colony) is slightly less trivial to calculate. In Fig. VI , a single coloured line is used to represent all routing signals from a given cell. The red 'corner' cell routing crosses four cell boundaries to arrive at the central cell, the green (cell below) crosses three, and blue crosses two. If the red routing is 4.5 signals and crosses 4 cell boundaries, then that is 18 intercellular connections total. The green and blue signals represent 13.5 and 9 such connections respectively. When all cells are accounted for, the total number of intercellular connections is over 200. The number of controller I/O connection requirements and intercellular interconnects becomes increasingly large as the colony size increases, which is quite prohibitive to the feasible colony size. The first improvement to the system's electrical routing is to note that not all signals within a cell will need to operate simultaneously. For example, valve operations within a cell can be performed successively rather than concurrently. Similarly, it will be demonstrated in Section 2.4.2 that the pressure sensor needs only to sense or deliver voltage at one time, but never both. Finally, although valves and pressure sensors will need to function concurrently, for example during inflation when a valve must be open while pressure is continuously sensed to determine the fill level, valve operations will require on the order of 10s to 100s of seconds, while pressure sensor operations are in the order of milliseconds. Thus, it will not impact system performance to intermittently switch from a valve operation to momentarily check on pressure. Thus, the number of active signals per cell is reduced to one assuming the appropriate control signals are added.
Another approach to minimise the intercellular routing is to reduce the number of cells controlled by a single controller. In this approach, there are multiple controllers in one colony which only control immediately neighbouring cells. This approach requires a master controller (located in the central cell in 
2.2.II Co
The com system. Th through ne inherent tra and the com are require approach w the whole s analysis us routing pro Fig. VIII The three path types considered are the single path with just two valves on each cell for 2D and 3D colonies, the full path with 4 valves in 2D (6 in 3D) and the tree solution in-between with three to four valves.
The amount of actuation and therefore the amount of used gas mass highly depends on the application and planned mission. For example if the mission is quite short, it may be better to use a design that requires fewer valves, since more of the gas would be expendable. On the other hand, a larger mission with many dynamic reconfigurations of the structure would require a large amount of gas; to minimize wasted gas in this case, it would be more feasible to increase the number of valves and complexity in the design. Essentially, each mission must minimize cost as a function of gas mass, valve mass, and complexity.
To achieve a checkerboard pattern, where each cell is in a state alternate to its nearest neighbours, then the number of operations and the path of the gas will be different in each architecture. Table I shows the number of valves required in each architecture, as well as the number of gas units required to achieve this pattern due to inflation and deflation operations. Note that in this analysis, it is assumed that the only outlet valve allowing the gas to escape to environment is at the central cell. To achieve the checkerboard pattern, for example in the single path approach, all the cells have to be inflated fist until the air reaches the last cell. Following this the air from all the cells except of the last one will need to be realised from the centre cell and is therefore lost. To inflate the third last cell in order to create the desired pattern all cells until the third last cell needs to be inflated again and so on. Depending on the cost function (as yet undetermined) which operates based on the cost of gas and the number valves, it can be seen that there will be a large difference between the Single and Full architectures for this application. 
2.2.III Outlet Valves
The amount of used gas can be further reduced by adding an outlet valve to each cell to release the gas into outer space. By adding these outlet valves, each cell can deflate by itself and is not required to deflate all the surrounding cells. The same analysis of the checkerboard pattern is presented in Table II , except with outlet valves at each cell. As previously mentioned, the added mass and complexity of the additional valves in contrast with the mass reduction of the required inflation gas must be addressed for each mission separately. From a comparison of Table I  and Table II , it can be seen that the extreme case to minimize the number of valves and complexity requires 24 valves and 156 gas units for the single tree without outlet valves. While minimizing gas use requires 64 valves and only 18 gas units for the fully connected tree with outlet valves on each cell. It should also be noted that these calculations assume that all valves and cells remain operational. In the case of the catastrophic failure of a cell or multiple cells, the damaged cells need to be isolated via permanent closure of neighbouring valves. In this case, an architecture with increased valve connectivity has the added benefit of being able to isolate damaged cells and reroute gas flow in the case of failure.
2.3
Inflatable Cell Design The principle of heliotropism makes use of a volumetric increase and decrease of certain cells, enabling an overall structure to change its global shape. In order to mimic this behaviour and achieve an increase or decrease in volume, a cell requires a membrane material that is highly flexible and elastic so that small differential cell pressure changes result in a significant increase in volume and also so that sufficient differential pressure exists within an inflated cell to self-deflate when exposed to the vacuum of space. Although the requirements for elasticity and flexibility of the cell membrane are crucial, it is also important that the material selected can be incorporated with all other components into the overall design of the cell. Therefore, the ability of the material to be used in an overall fabrication process which allows for seamless integration all components into a single cell becomes a large design driver for the material. For this reason, a silicone based elastomer material such as polydimethylsiloxane (PDMS) has been selected as the membrane material, which can be spun into thin sheets, cured, and then bonded at the cell borders using well studied PDMS bonding techniques, such as oxygen plasma bonding, corona discharge, or adhesives [18] . This method allows for the integration of other MEMS components into the cell which are fabricated using similar PDMS nanocomposite polymer (NCP) techniques, such as hydrogel-based valves, mechanical interconnects and electrical routing components.
2.4
MEMS Devices MEMS technology encompasses the design, fabrication, and applications of micro-scale devices or structures that have mechanical, electromechanical, or electromagnetic components. Though a formal definition has proved to be elusive, a MEMS device typically contains structures with <1-100μm feature sizes, and is no more than several millimetres in one dimension as a whole [19] . Examples of MEMS technologies range from simple microstructures such as a silicon micro bridge, to more complex devices such as microfluidic pumps and chemical sensors with fully integrated microelectronics [19] . These devices are typically fabricated using processes derived from industrystandard micro fabrication techniques such as deposition, lithography, and etching, which have been well studied through extensive use in the microelectronics industry. More recently, MEMS technology has incorporated new materials, such as nanoparticle doped polymers, to suit a growing list of applications [20] ; these new materials and applications often require the development of novel micro fabrication processes which are unique from those typically found in the microelectronics industry.
Perhaps the most prolific of all MEMS devices are the transducers: devices which convert measurable physical phenomena into electrical signals and vice versa (sensors and actuators, respectively). The last 30 years has seen a vast increase in the number of MEMS sensing devices suiting wide variety of sensing modalities [21] , such as various chemical sensors, photometers, temperature sensors, mechanical and inertial force sensors, magnetic field sensors, air and gas flow sensors, etc. Though these MEMS sensors have traditionally been given more focus than their actuator counterparts, more and more actuators are being developed, for example microfluidic pumps and valves, mechanical gears and motors, micro heaters, and electromagnetic field generators.
The benefits of a MEMS device versus its macro scale counterpart are typically reliability, cost, and functionality. Reliability is improved in part due to batch fabrication processes with highly controllable processing parameters resulting in high yield production capabilities. Another important aspect is that MEMS devices are often less susceptible to mechanical failure due little to no mechanical motion within the device, which can be seen for example in MEMS sensors [21] . Cost is also improved from batch fabrication, but is also greatly improved by a reduction in materials and power requirements. Improvements in functionality can generally only be analyzed in specific applications; however, some themes can be generally applied. Less variation at the micro scale often results in more accurate measurements, for example in a temperature sensor where a relatively large active measuring region will return the average of the temperatures within that region, while a smaller measuring region will more accurately show temperature variations invisible to the larger counterpart. Sensitivity is therefore increased at the micro scale, and other benefits can also be exploited, such as increased surface area to volume ratios.
Polymer MEMS devices in particular are increasing in popularity due to several advantages not found in traditional silicon devices, such as flexibility, opacity, biocompatibility, optical properties, and the ability to produce devices using large scale batch fabrication, among others [16] . Examples of these devices which are relevant to the design of inflatable cells are discussed in further detail in the following sections.
2.4.I Microvalves
In order to achieve a given cell configuration, a central pressure source is required to supply the gas flow, and intercellular valves are required to direct the gas flow through to the desired cells; in this section, the microvalve component of the design is discussed using examples of existing MEMS technology.
Microvalves are a growing application area within MEMS (a comprehensive review of microvalve designs can be found in [18] ), and there are several microvalve variants which meet the design requirements; for example, magnetic, piezoelectric, thermal, or electrochemical valves may be selected according to the relative strengths in terms of power consumption, flow rate, capacity, size, reliability, etc. [22] . The requirements for this design are a light weight, reliable valve which is normally closed (blocks fluid or gas flow without consuming power), with minimal restrictions on valve actuation frequency since dynamic reconfigurations are not expected over very short periods of time. For this reason, a mechanically flexible diaphragm-based microvalve which uses a thermally responsive hydrogel actuator and a conductive nanocomposite polymer (C-NCP) heater element [23] has been selected for this design. An illustration of this valve is given in Fig. IX . The C-NCP heaters that provide valve actuation are doped using tungsten nanoparticles, and require a single electrical I/O for the heater element. The valves measure 100-200μm in diameter, and have been measured to deflect (increase in size) 100μm upon heating from room temperature (20°C) to 32°C over a period of 50-300 seconds. Although these valves meet the given design requirements, they have not been tested in space, and would need to be characterized under these conditions, particularly for deflection characteristics at low temperatures. Additionally, since this is a thermally responsive valve design, the effectiveness would be limited to environments with relatively low temperature variations. Commercially available devices were also considered; however, at this time off-the-shelf valves and pumps do not exist which meet the design requirements. In particular, existing pumps are relatively complex and require multiple electrical I/O connections in order to function. This aspect alone is too problematic given the electrical interconnect structure of design, discussed in the Control Architecture section. For the interested reader, some current companies providing commercial microfluidic devices are ThinXXS (microvalves), Debiotech (implantable micropumps), Schwarzer Präzision (micropumps), and Bartels (micropumps).
2.4.II Pressure Sensors
Each configuration of the cellular array will require the inflation and deflation of many individual cells within the array; thus, a form of sensory feedback to the controller will be required in order to determine when a cell has been fully inflated or deflated, and when the final configuration has been reached. One simple approach is to simply place a gas flow sensor at the main gas inlet location in order to track how much gas is inside the array. Given the desired number of filled or empty cells, the amount of gas required can be calculated and the total amount within the array can be adjusted accordingly. However, there are several practical considerations which forbid such a scheme. For example, since unavoidable leakage will occur at multiple locations away from the inlet pressure source, it cannot be tracked by the single flow sensor resulting in a discrepancy between the amount of gas within the system and the amount tracked by the controller. This is further compounded by the fact that the central flow sensor will itself have some error in its measurements, and any such error would propagate and increase over time with additional cell operations. The conditions within the cells would become increasingly different from what the controller would perceive. Finally, there will also inevitable be unexpected pressure variations within the individual cells. It is important that no cell will over inflate, and that the controller can stop filling a given cell if a maximum differential pressure threshold is reached. For these reasons, individual pressure sensors on each cell are required. Ideally, each sensor (like the microvalve) will require minimal electrical routing and a fabrication scheme that fits well within the overall cell fabrication process. A number of existing micromachined pressure sensor designs are available [24] ; a capacitive pressure sensor has been chosen for this design due to the relative increased pressure sensitivity and decreased temperature sensitivity when compared to other sensor types [24] . A diagram for this pressure sensor is given in Fig. X . In this sensor design, a voltage input to the capacitive sensor is routed to an output pin of the microcontroller. The microcontroller should also have an internal hardware resistor of a known value (or, an external resistor can be added), and an input pin for voltage sensing. The resistor and capacitor form an RC circuit with a time constant that varies according to the capacitance of the sensor. In order to determine the internal differential pressure, the controller sends periodic DC voltage outputs to the RC circuit, and measures the voltage across the capacitor through the voltage sensing input pin as the circuit relaxes. By measuring this relaxation voltage over time, the time constant can be calculated within the microcontroller, and thus the capacitance can be determined. This capacitance is then compared to a pre-determined calibration table to find the internal differential pressure.
2.4.III Electrical Routing and Interconnects
As mentioned previously, electrical routing between neighbouring cells and to a central microcontroller will be required. The routing fabrication and integration is discussed here. The design requirements are once again that this component is lightweight and is easily integrated into the overall fabrication process. Since the previous processing steps include PDMS and NCP components, an electrically conductive multiwalled carbon nanotube (MWCNT) C-NCP routing solution is presented, which will be attached to and run along the cell membrane and is easily integrated into PDMS-based micro fabrication processes [25] . In [25] , the fabrication and characterization of a flexible C-NCP routing scheme has been presented, with signal lines which are approximately 500μm by 500μm (with and height respectively) and a resistivity of approximately 10μm. A sample of these flexible routing lines is shown in Fig. XI . The routing signals must travel across cells in order to reach the microcontroller, and are interconnected according to scheme given in [26] . 
2.4.IV Cell & Colony Mechanical Interconnects
The final component of the cells is a mechanical interconnect structure which allows neighbouring cells to be fastened together resulting in the modular assembly that have been proposed. Various examples of these mechanical interconnects, which also must allow fluid/gas flow, have been presented by the Microinstrumentation Laboratory at SFU, for example in [27] [28] [29] . A scheme with a notched cylinder and hole pair fabricated in silicon allows for both mechanical and fluid interconnects in the same structure [24] and can be integrated in a PDMS-based fabrication scheme. These structures can be seen in Fig. XII and example Mechanical connections between colonies (rather than between individual cells) should also be able to be easily released and reattached if the colony needs to be exchanged, which may be a requirement in certain scenarios. One solution is to use magnetic connections between the colonies that has a permanent magnet on one side and on the other an electromagnet controlled by the colony. However, this system has two drawbacks: first, the electromagnet would necessarily be powered during all times that the colonies are connected, which may draw a prohibitive amount of power; second, magnets in space are subject to the influence of Earth's magnetic field, which may cause undesired motion. An alternative approach is to use a hydrogel based system, similar to that shown in the 'Microvalves' section; in this scheme, a hydrogel 'male' component on one colony is heated (causing it to shrink in volume) and fitted into a 'female' component on another colony. When heating ceases, the hydrogel will expand, thus fastening the two colonies together. To detach, the hydrogel is heated once again.
3
Simulation To observe the behaviour of the developed structure in a space environment, a code has been created to simulate the deployment and shape changing capabilities of the colonies. Such a simulation is necessary due to the fact that the presented structure aims to deploy very large space structures of up to hundreds of meters in diameter. These structures cannot be tested in their full scale on the ground due their low stiffness and the high gravitational forces here on Earth.
Common very large structures in space include reflectors, parabolic antennas, and concentrators, all of which require a deployment mechanism. Of these applications, a sun concentrator dish was chosen to simulate and validate the capabilities of the smart structure. Such a concentrator can be used to focus solar radiation on an asteroid directly in order to ablate the asteroid and therefore change its trajectory [30] . In this scenario, the dish must be capable of changing its focal point on the surface of the target and must also account for the unusual shape and rotation of an asteroid, thus requiring an adaptive concentrator. Fig XIV shows All the following calculations and simulations are undertaken in the moving reference frame of the spacecraft without any perturbations. The x-axis points towards the velocity direction and the z-axis towards the asteroid. During the mission, the concentrator changes its curvature in the z-direction in order to focus the sun's energy on the uneven surface of the asteroid. The forces that are applied to the spacecraft are the solar radiation pressure from the sun, having its main component in negative z-direction and the gravity of the asteroid in positive z-direction.
In the following section, the modelling of the single cells, the assembly of the whole structure and the simulation of the adaptable shape concentrator orbiting an asteroid are outlined in detail.
Discretisation and Modeling
Due to the multitude of potential applications and cell geometries, it was decided to create a parameterized simulation code which can be scaled to the appropriate application dimension. Every cell in the simulation is modelled as a cube surrounded by beam elements. A mass point is located at each corner of the cube. Each beam element is able to transfer tension/compression, bending, and torsional loads between the six degrees of freedom (DOF) nodes. Fig. XV shows the two inflated spherical elements (red) surrounded by two discretisation cubes. Every cell is modelled with 12 beam elements (blue) and 8 nodes (black) on their corners. By assembling a structure consisting of two cells, the beam elements and node elements in the centre are joined resulting in a total of 12 nodes and 20 beam elements for the structure as shown in Fig. XV .
Fig. XV: Two inflatable cells (red) inside discretisation cubes made out of beam elements (blue) in-between nodes (black)
Every array has (n cell x +1) × (n cell y +1)× (n cell z +1) nodes (where n cell i is the number of cells in the i-direction) resulting in a total of 108 nodes for a 5x5x5 cell array. The equation of motion is written with mass matrix M, damping matrix D and stiffness matrix K. Entries in all three matrices are dynamically modified based on the inflation and deformation that each cell experiences during the simulation cycle. An example of this change would be the added mass and stiffness while inflating a cell. The coupling terms in the stiffness matrix are especially important for the out of plane deformation of the entire structure.
The equation of motion in Equation 1 is continuously solved in the time domain to obtain the displacement , , and the velocity , , . The input variable is the changing force within the cells and the external forces perturbing the structure. The actuation forces are the internal inflation force F inf and actuation force F act as well as all the external forces summarized by F ext . In the developed model, all the forces are applied to the nodes of the cubes and algorithms have been created to distribute the forces according to their application which is described later in the paper. inf act ext
The developed structure takes most of its shape changing potential from the coupling between in plane actuation and resulting out of plane deformation. The use of simple tension/compression springs in the stiffness matrix does not lead to the desired result. For this reason, discretisation methods commonly used for finite element modelling were used to construct a suitable stiffness matrix. The use of torsion-bending beams with their coupling terms gives the stiffness matrix and therefore the developed model the capability for out of plane deformations. The beam element chosen is capable of three translatoric movements and three rotational movements at each connection point. The entities of the stiffness matrix include the modulus of elasticity E, cross-section area A, length L, moment of inertia I, shear modulus G, and the torsion moment of area J. The element stiffness matrix of an unrotated x-axis element can be seen in Equation 2. The element stiffness matrix from Equation 2 is included into the global stiffness matrix by discretisizing each node to obtain the connected beam elements. Equation 3 shows the global stiffness matrix for a six node structure of three nodes in the x-direction and two in the y-direction. The beams with 0 degree orientation are in the x-direction while the beams with 90 degree rotation are perpendicular in the y-direction. 1 2  3 11  3 22  2 12  '  '  4 12  3 12  3 22  4 22 (90) 0 (0) (90) (0) 0 0 0 (90) (0) (0) (90)
During the inflation and actuation process, the entries of the mass, stiffness and damping matrices change due to the nature of the developed smart structure. The volumetric change of the cell is achieved by adding or removing air or fluid, which also results in a mass change of the model nodes and therefore the entries of the mass matrix.
As the structure is modeled by rotated beam elements, this discretization is only valid for a specific case of the inflated cell. By inflating and deflating these cells, all the entries of the stiffness and therefore the damping matrix change. The changing entries of E, A, I, L, G, and J are obtained either by calculations using simple beam geometries or by experimentation. These calculations and experiments have to be undertaken each time the size, geometry or material of the initial cell changes. The area A and the length L of the structure can be obtained by modeling the cells as beam elements with the same average length and projected area in one direction. As an example, a 14.5 cm inflated spherical cell can be taken resulting in a surface area of 660cm 2 and a projected surface of 165cm 2 in all three directions . The area A and the length L for each of the four beam elements in one direction are therefore 41.25cm 2 and 14.5cm respectively. The moment of inertia I and the torsion moment of area J on the other hand are calculated by using existing equations for simple geometries. For more complex shapes a numerical approach is employed which sums up the infinite mass of all particles multiplied by the square of their distance to the rotational axis. The modulus of elasticity E and the shear modulus G are obtained by a combination of the selected material properties and displacement experiments of bench test cells either in the lab or on CAD and FEM software packages like LS-DYNA.
The differential pressure inside each single cell is taken as the common control variable. If the differential pressure inside a cell increases, the cell expands resulting in an increase of stiffness. Fig. XV shows a modeled structure consisting of two inflatable cells (red) with 20 beam elements (blue) and 12 nodes (black). It can be seen that the 4 nodes and the 4 beams in-between the spheres have to account for both cells, therefore the code creates a mean of the entries of these neighboring cells.
The damping matrix in the equation of motion has the main purpose of making the structure controllable. The damping matrix needs to be measured and validated for each application separately; therefore, to keep the simulation simple and scalable, linear damping was assumed.
Inflation
As an initial condition, all nodes are located in a centre point (e.g. the pressure storage) with an infinitesimal spacing between them. During inflation the differential pressure inside the cells increases which results in an equally applied force on the walls of the cell. Similar to the internal differential pressure of plant's cell acting on the walls to sustain the integrity of the cell, the inflation force is modelled as an outward force normal to the walls of the cell. The force acting on the wall surface is then split and distributed equally to the four nodes in the corners of the cell wall. If multiple cells are connected together, the forces would cancel each other out if just the sum of forces on every node were taken. For this reason, the code evaluates each nodal cell connection and sums up all the applied forces in a line of connected nodes and applies it to the nodes on the edges of inflating cells. It is also possible to simulate broken cells within the array to observe the deployment behaviour and the obtained shape. The inflation force has a linear slope for a constant time t. After inflation is complete, the differential pressure stays constant but it is also possible to apply a leakage to certain cells or the entire array of cells. In practice, this leakage could be caused by micrometeoroid impacts, fabrication errors, degradation of materials, or natural leakage of an inflatable in the space environment.
Actuation
The inflated dish has to be capable of changing its focal point on the surface of the target. After the deployment through inflation has formed a flat sheet, the cells are actuated to form the curved concentrator dish. During this actuation process, air mass is transferred from the top cells to the bottom cells resulting in a positive curvature of the dish. To change the focal point, the structure was actuated twice with the second actuation cycle having twice the air mass exchanged from the top to the bottom layer. In the first four seconds of the simulation the structure was inflated homogenously. After the oscillation was mostly settled, the first actuation was started at six seconds with a linear increase for four seconds. The second actuation, also shown in Fig. XVIII , was started at 12 seconds and also lasted for four seconds with a linear increase.
The displacement curves show clearly that most of the deformation of the structure occurs in the z-direction which was the desired response. The observed oscillation of the system is caused by the fast actuation time and the low damping nature of the structure and is highly dependent on the chosen material and application. 
3.4
External Forces Depending on the environment the structure is operated in, the external forces may vary. The main two environments described here are the space and terrestrial environments. Depending on the nature of the application, some forces may only be applied to mass nodes, other forces may act on the inside walls, and others are just applied to one surface on the outside of the structure.
In space, the main external force applied to the structure is gravity, which may include a gravity gradient for very large structures. Even small gravity gradients can affect the structure due its low differential pressure and lightweight nature. The gravitational force is applied to each node towards the centre of gravity with a value changing depending on the distance between the cells. The gravitational force at each node changes at each time step due to the shifting mass during actuation; this is done through the adaptive mass matrix described earlier. Other perturbing forces are solar radiation pressure (SRP) and atmospheric drag which apply a force on the surface of the structure. In order to model these forces in the code, only the nodes on one surface experience the force. These forces depend on the orientation and the shape of the structure. Other forces that can be applied to the model are short term impact forces, for example meteoroids or space debris.
On Earth or planetary bodies, the main force acting on the structure is gravity pulling the structure towards the ground. Obstacles like rocks in the rover's path or the environment change from e.g. air into water are also being considered. Furthermore, impact and vibration forces become much more dominant for these applications. Compared to space, the external forces on Earth are changing faster, for example the drag force caused by wind gusts which can change directions rather quickly.
In the example application involving a concentrator orbiting an asteroid, the external forces are assumed to be one dimensional and are applied only in z-direction to make the results easier to read and interpret as shown in Fig.  XIX . In this example, the asteroid and the sun are located in the positive z-direction of the concentrator while the asteroid is applying a positive gravitational pull and the sun is subjecting the structure to a negative force component due to solar radiation pressure. The gravitational force from the asteroid is assumed to be half the magnitude of the force due to solar radiation pressure. While the structure orbits the asteroid, it moves into the shadow of the asteroid making gravity the only external force pulling on the structure. For the simulation, the moving coordinate system of the structure without any perturbation is used. From the beginning of the simulation, the solar radiation pressure and gravity are acting on the model, even though the solar radiation pressure only reaches its maximum force once the structure is inflated and has its maximum surface area. At 20 seconds, the structure moves into the shadow of the asteroid, subjecting the structure only to the gravity of the asteroid. The structure stays in the shadow until the end of the simulation. From Fig. XIX it can be seen how the model successfully alters the position of the structure due to the applied forces. At 40 seconds, the gravitational pull of the asteroid is strong enough to overcome the momentum accumulated during the first twenty seconds of solar radiation pressure. In the last 40 seconds, the gravity of the asteroid pulls the structure towards its surface resulting in a parabolic shape of the displacement curve.
4
Final Remarks The design developed in this paper enables the construction of large structures in space that are able to change their shape to fit different mission objectives. The global structure is composed of multiple self-sustaining colonies of inflatable cells capable of changing their shape through a bio-inspired principle. Each colony consists of a central pressure source and multiple highly flexible cells connected by MEMS valves and interconnects. Simulations showed that by inflating and deflating various cells, the global shape of the structure can be changed to the desired final configuration. The developed simulation code can be adapted to application areas ranging from large deformable space structures down to microscopic medical devices; therefore the simulation was undertaken unit less. For every specific application case the entries of the mass, stiffness and damping matrices must be calculated or obtained through experimentation. The design and fabrication of the MEMS components are discussed, as well their influence on the overall system design. The paper also showed that to minimize mass and complexity, the structure should be designed specifically for each mission (e.g. which cells need to be deflated, placement of valves, etc.).
